In Japan, structural control is widely recognized as a fundamental technology for exceeding the performance limitations of conventional earthquake/wind-resistant buildings. Over the last three decades, research and development (R & D) has been implemented in construction, mechanical industries, and universities. Additionally, many types of control strategies have been proposed through theoretical, experimental, and numerical investigations. In comparison with other countries, Japan has successfully and rapidly developed remarkable engineering applications for actual buildings using advanced structural control technologies, because Japanese construction companies promote R & D in cooperation with mechanical industries, structural design offices, and universities. This review paper introduces the recent structural control advances in Japan. The state-of-the-art report is based on papers published by the Architectural Institute of Japan, the Proceedings of the 16th World Conference on Earthquake Engineering, articles published in a structural engineering magazine, the special theme sessions at the 7th World Conference on Structural Control and Monitoring, and other relevant information. The key research directions are the simplification of control laws and mechanical devices, high performance with either little or no energy supply, device magnification, use of structural frames and substructures, new materials, adaptability, and cautious uses serving various purposes.
Introduction
The concept of structural control was internationally proposed for civil engineering structures in 1972. 1 According to this proposal, structures counter earthquake/wind excitations not only through their structural members but also through the control systems, which means that civil engineering and mechanical engineering technologies must be integrated. Until the late 1980s, structural control practically meant active control, and its fundamental dynamic properties were understood theoretically and experimentally from a civil engineering viewpoint. 2 By the mid-1980s, information science was becoming widespread in society and structural control re-emerged as a solution to extremely complex seismic motions and their inherent uncertainty, which make it impossible to guarantee structural safety through conventional design methods. 3 The practical application of active and semiactive control began in 1989, when an active mass damper (AMD) system was first applied to an actual 10-story office building in Tokyo. 4 In 2001, the journal of Earthquake Engineering & Structural Dynamics published a special issue on the practical applications of active and semi-active structural control systems to actual civil engineering structures. 5 A review paper has presented a list of 31 practical applications in Japan, from 1989 to 1998. In 2003, the Journal of Structural Engineering also published a special issue on structural control, 6 which listed 40 applications of active and semi-active control in buildings (36 in Japan, 2 in Taiwan, 1 in China, and 1 in Korea) from 1989 to 2002, and 10 applications of active control applied to bridges (all in Japan). For all bridges introduced, AMDs were installed only under their constructions. The applied active control included the AMD, active tuned mass damper, and active gyroscopic stabilizer. The applied semi-active control included a variable-stiffness system, variable-orifice damper, controllable-fluid (electrorheological fluid or magnetorheological fluid), damper, and semi-active tuned mass damper. The application list was revised by introducing 52 actively controlled buildings and 17 semi-actively controlled buildings in Japan. 7 The effectiveness of active control was also reported as the equivalent damping ratios in the first horizontal vibration modes, 7 because AMDs and their derivatives had been installed to many buildings.
The 1995 Kobe Earthquake marked the beginning of a new research phase wherein buildings could be controlled semi-actively, even under large earthquakes. Nowadays, structural control including passive control is an indispensable consideration for high-and middle-rise buildings and towers and helps improve living comfort and structural safety. However, performance improvement is rather difficult using conventional earthquake-resistant design. After the 2011 Great Tohoku Earthquake, the effectiveness of passive control was reported as the equivalent damping ratios in the first modes using the recorded measurements of the seismic structural responses. 8 In the future, structural control should consider long-period and long-duration ground motions with large amplitudes. This aspect of earthquake events emphasizes the amount of vibration energy absorbed from a structure using control devices, and stimulates the research and development (R & D) of structural control. Since 2011, structural control has also been expected to contribute to the seismic retrofitting of many old buildings.
By introducing newly developed dampers, this paper outlines the recent progress of structural control in Japan to identify recent R & D trends in the field of building engineering. The information is mainly based on national papers published by the Architectural Institute of Japan (AIJ), the Proceedings of the 16th World Conference on Earthquake Engineering, Japanese articles published in a structural engineering magazine, and papers presented at the special theme sessions on structural control during the 7th World Conference on Structural Control and Monitoring (7WCSCM) 2018. This review paper describes the differences between the advanced processes implemented by Japan and other countries. Additionally, the key directions of future research are summarized.
Recently developed damper for structural control
Recently developed dampers for structural control have been previously summarized in a literature review, 9 which was conducted in 2017 for dampers investigated and developed both in Japan and abroad.
Dampers developed in Japan
Using a search system managed by AIJ, a survey was conducted for all AIJ papers published at national level since 2013. The retrieval keywords were "damper" and "development," and returned a search result of 104 papers as of 15 March 2017. From these papers, experimental tests with large-scale damper specimens (damper force more than 100 kN) were extracted from 46 technical papers considering 11 types of dampers. Table 1 lists the dampers along with their development concepts. From a search viewpoint, some of the retrieved concepts may be different to what the developers had intended.
These dampers were developed with consideration to the following concepts: small size and high capacity, high durability, seismic retrofitting, earthquakes ranging from small to large, easily adjustable characteristics, and high-performance efficiency. The concepts of "small size and high capacity" and "high-performance efficiency" were introduced by recognizing that the current structural control performance of dampers may be insufficient according to some expectations. Generally, the space available for installing dampers is severely limited by architectural design requirements. This limitation expects the device developers to deliver dampers with compactness and higher efficiency. The concept of "high durability" is intended to improve metallic dampers for long-period and long-duration earthquakes occurring in subduction zones such as the 2011 Great Tohoku Earthquake. The concept of seismic retrofitting has been proposed to guarantee the safety of old buildings during predicted earthquakes with larger intensity. The "from small to large earthquake" concept relates to the fact that the metallic dampers installed on buildings in the Tokyo metropolitan area did not perform well during the 2011 Tohoku Earthquake. In this area, the earthquake ground motion was as large as the design earthquake load estimated for a 50-year return period. Another aspect of the high durability concept is that developers would like to make the metallic dampers more effective, even under relatively smaller excitations, by reducing their yielding displacements. In Japan, many recent development concepts were motivated by lessons learned from the 2011 Tohoku Earthquake.
Dampers developed outside of Japan
A similar survey was conducted in the Proceedings of the 16th World Conference on Earthquake Engineering. First, interesting papers were chosen according to their titles, which were used as a selection criterion; another criterion was whether the papers described damper development. Next, the selected papers were investigated individually, and the papers describing a certain feasibility level according to the results of experimental tests were extracted. The extracted papers include dampers developed in the 1990s, such as triangular added damping and stiffness, 29, 30 because it is important to know which dampers have been used to date. Table 2 shows seven types of dampers along with the authors' countries and the development concepts. These dampers have been investigated and developed either in earthquake prone countries or countries that export control devices to earthquake prone countries. Because metallic/friction dampers 10, 21 Small size and high capacity 2
Inertia with acceleration mechanism 11 Small size and high capacity 3
High capacity buckling restrained brace with triple core plates 12 Small size and high capacity 4
Shear panel damper with concave shape 13 High durability 5 Hysteretic damper using stainless steel 14 High durability 6
Hysteretic damper using Fe-Mn-Si-based alloy 15 High durability 7
Variable-friction-force slip damper 16 Seismic retrofit 8
Oil damper with visco-elastic material 17 Seismic retrofit 9
Friction damper with multistage friction force 18 From small to large earthquake 10
Friction damper using ring springs 19 Easily adjustable characteristics 11
Semi-active oil damper with energy recovery system 20, 22 High-performance efficiency a The development concepts are considered according to the corresponding papers and may be different to the developers' intentions.
are easy to design and handle while maintaining economic efficiency, only metallic/friction dampers, and not viscous dampers or oil dampers, are listed. Unlike the situation in Japan, the development was not motivated from any specific earthquake event. A paper discussing the friction spring damper mentions the 2010 and 2011 Christchurch earthquake events 28 ; however, these events did not motivate development. The development concepts for dampers No. 12 to 15 are the same as those in Japan. Japanese structural engineers find it interesting that the development concept for dampers No. 16 and 18 is low-cost, because Japanese developers have always been concerned with the fact that a low-cost concept is not clearly mentioned in the Japanese literature.
Seismic retrofitting for high-rise buildings
In Japan, the necessity of seismic retrofitting for existing buildings has been increasing, not only because of the need to repair existing non-conformed buildings, but also as a response to long-period and long-duration ground motions. 31, 32 Additionally, there exists a need of ensuring safety when responding to the increasing intensity of predicted earthquakes. The methods of seismic retrofitting for existing buildings can be categorized into three types: conventional earthquake-resistant deign method, seismic isolation method, and structural control method. With regard to the investigation of retrofitting to highrise buildings, it may be difficult to apply either the conventional design method or the seismic isolation method. The structures are tall and of a large scale with relatively longer natural periods, which naturally leads to the application of the retrofitting method to structural control. However, traditional structural control methods should be modified in retrofitting applications. This section considers instances of seismically retrofitted high-rise buildings by surveying open literature and information provided by the members of the AIJ Subcommittee with regard to structural control. Retrofitting is reported from the viewpoint of applied technologies, their dynamic characteristics, and the set-up performance objectives, among other considerations.
Case studies of seismically retrofitted high-rise buildings
The literature search was conducted using the following resources: the Kenchiku Gijyutsu magazine (in Japanese), whose target audience is mainly structural engineers, and which has published 1014 articles under the term "Technical View" over an 8-year period from January 2009 to December 2016. Amongst these articles, 50 of them use the "structural control" key word. Five articles and four instances introduce seismic retrofitting for high-rise buildings using structural control technologies (Cases 1, 3, 4, and 7 listed in Table 3 ). Cases 2, 5, and 6 have been added to the table by the AIJ subcommittee members, because these retrofitting applications have not been published. Therefore, Table 3 lists seven instances. The cases are numbered in the order by which the retrofitting works commenced. Table 4 shows the systems proposed for seismic retrofitting using structural control, which have been reported in articles under the term "Technical View." The difference from Table 3 is that these proposals have not been implemented in actual applications.
Analysis of instances and proposed systems
The instances and proposed systems listed in Tables 3 and 4 were analyzed according to four viewpoints: (i) terms of retrofitting work, (ii) structural control device, (iii) objectives, and (iv) effect of retrofitting.
Terms of retrofitting work
The retrofitting in Cases 1 and 2 was completed before the 2011 Great Tohoku Earthquake and was carried out with consideration to the long-period and long-duration ground motions observed during the 2003 Tokachi-oki Earthquake. Cases 3 to 7 were completed after the 2011 Great Tohoku Earthquake. Both systems listed in Table 4 were proposed subsequently.
Structural control device
Cases 4 and 7 listed in Table 3 , and the two systems listed in Table 4 , include the installation of large-size tuned mass dampers (TMDs). These new TMD systems are effective against large earthquakes with various device modifications, because traditional small-size TMDs are effective only against small/ medium earthquakes. The TMD in Case 4 has a weight of 1800 tons and oil dampers with AE2 m strokes. The weight of the TMD in Case 7 is 1400 tons and is supported with double laminated rubber bearings and linear sliders. The TMD in System No. 1 listed in Table 4 is a multistage TMD with a stroke of AE4 m. The TMD in System No. 2 uses an inverted pendulum mechanism to obtain compactness, adjustability in a period, and a fail-safe mechanism.
The other Cases used oil dampers. Cases 3 and 6 installed rotational-inertia dampers and oil dampers. The devices combining rotational-inertia dampers and an oil damper are three times more effective in comparison with conventional oil dampers. Additionally, they enable the concentrated installation of control devices. Case 1 used oil dampers with an axial force restriction mechanism, which solves the problem regarding the increase in the axial forces of the columns by applying seismic retrofitting to high-rise buildings. Case 2 used high-efficiency oil dampers. Case 5 applied both efficient oil dampers and elasto-plastic steel dampers. The total number of dampers was 666. These high-efficiency oil dampers have energy recovery systems and are two times more effective than conventional oil dampers. 
Objectives
Cases 1, 2, 4, 5, and 7 mention that the retrofitting objectives are countermeasures to long-period and long-duration ground motions. The scope of Cases 3 and 6 was to ensure increased safety against larger predicted earthquakes, in comparison with the existing criterion. In any case, the building seems to be safe according to the existing criterion and improved performance is expected. The objectives of System No. 1 are also countermeasures to long-period and long-duration ground motions. The objectives of System No. 2 are not described clearly.
Effect of retrofitting
The assertion of retrofitting effectiveness seems to be expressed delicately in Japan, owing to the difficulty faced by structural engineers in clearly explaining the effectiveness of retrofitting under large earthquakes to building owners, building tenants, and other stakeholders. This is because an earthquake will always produce extremely complex seismic motions with inherent uncertainties. The retrofitting effectiveness for long-period and long-duration ground motions can be described as follows: (i) the seismic structural response under a large earthquake is certainly reduced, and the duration time is shortened; and (ii) business continuity is ensured immediately after a large earthquake. Effectiveness with regard to severe earthquakes means that structural safety is ensured more effectively in comparison with the existing criterion. After the 2011 Tohoku Earthquake, structural control became a significant technology in application studies on seismic retrofitting for high-rise buildings in Japan. The technology has been realized by various modifications applied to traditional structural control devices, which means that new or revised control systems have been introduced. However, it is somewhat difficult for structural engineers to explain the effectiveness of seismic retrofitting to the public from the viewpoint of economic efficiency.
Review of papers submitted to 7WCSCM
The WCSCM is one of the representative international conferences regarding structural control technology. In July 2018, the 7WCSCM provided the latest significant information following the survey of Sections 2 and 5. Approximately 400 papers were presented at the conference, of which approximately 1/3 was relevant to structural control research, while the remaining 2/3 was concerned with structural monitoring research. The special theme sessions titled "Application, Research, and Design on Structural Control in Japan" were held in cooperation with the AIJ subcommittee and received 28 paper submissions. This section introduces various studies that seem to include useful information, which was not mentioned in Sections 2 and 5. Efforts to simplify and rationalize control devices and control laws are ongoing. 33, 34 One study 33 combined a friction damper with four tensile brace members. The brace sections of the brace-integrated dampers may become larger, owing to demands for brace buckling resistance, which is a major obstacle when applied to buildings with limited space. In the proposed system, only the tension axial force always acts on the brace member, owing to the geometric non-linearity; therefore, it is possible to use the brace element of a smaller cross section. Another study 34 investigated a design method using rotational inertial mass dampers, which is a relatively new passive type of control device, as introduced in Section 2. 11 Unlike conventional dampers, which can exert only a resistive force that depends on the displacement or velocity, the rotational inertial mass damper can exert a resistance force according to the relative acceleration between the nodes where the device is installed, and can thus be applied to mode control. This study proposed a simple design method that attempts to eliminate the modal amplitude in the higher modes of the target structure using a rotational inertial mass damper.
Research has also been conducted on a control system using structures other than the main structure. One study 35 has analytically investigated the possibility of enhancing the control effect of the TMD installed onto the main structure by connecting the adjacent structure and the TMD with a rotational inertial mass damper. This study pointed out that, by properly adjusting the mass ratio and frequency ratio, it is possible to efficiently reduce the responses of the two structures in comparison with the conventional viscous damper connection.
Various studies have aimed at careful control that serves various purposes and the automatic adjustment of the control device. 36 The dynamic characteristics of an actual base-isolated building using a semi-active oil damper, whose damping coefficient is controlled using Linear Quadratic Gaussian control theory, were identified based on the observations recorded during the 2011 Tohoku Earthquake. Then, the control parameters were updated to minimize the damage probability evaluated by the fragility curves obtained by many response analyses using the updated structural model.
The final consideration is related to seismic retrofitting. Although the retrofitting device for high-rise buildings was reviewed in Section 5, one study 37 has presented another retrofit example applied to the steel-truss structure of Tokyo Tower. In parallel with the reinforcement of the steel member, several original horizontal members were replaced with oil dampers. Although the employed device is a conventional oil damper, the study proposed an effective method of controlling the whipping behavior of a tower-like structure, where bending vibration was problematic.
Future directions of structural control
The challenges with regard to the structural control of buildings are that the objective structures are larger, and that the external forces acting on them are both severe and highly uncertain. In the aftermath of the 2011 Tohoku Earthquake, emphasis was placed on structural control research with regard to long-period and long-duration ground motions with large amplitudes, particularly for large-scale/tall buildings. This section summarizes the challenging research directions over approximately 20 years after the publication of previous special issues. 5, 6 These directions are based on many existing applications and the recent R & D trends in Japan.
Simplification and improvement of control laws/devices
The simplification of control laws/devices is a key consideration for large-scale and long-term structures, which makes maintenance easier. Since their early practical applications, AMDs have not worked on state feedback control but rather on output feedback control. Although earlier semi-active control continuously changes the damping forces by adjusting the valve openings through which confined oil flows, 38 it was followed by a simplified on-off-switching oil damper 39 which finally led to a new passive oil damper with high performance equal to that of the simplified semi-active damper. 40 The simplification considers that the Maxwell model constrains its force-displacement hysteresis loop within a certain limited area through its stiffness values. A decentralized autonomous system in the semi-active on-off-switching damper is also considered as a simplification and improvement of the control law. 39 
High performance with small or no energy supply (improved passive control)
Early R & D identified the direction toward achieving highly efficient control that can produce large control forces with a small energy supply, and semi-active control was developed as a response. The examples are passive oil dampers with capability equal to that of semi-active oil dampers or kinetic energy-recovery systems. 40 This improvement updates passive control based on the deep understanding of mechanical devices. High-performance dampers require that traditional mechanical devices should remove backlash, and this removal results in structural control under small-scale excitations.
Device magnification for large damping force
In an actual building, the installation spaces for control devices are limited and this limitation often becomes more severe for large earthquakes and seismic retrofitting work. When a 42 As shown in Cases 4 and 7 listed in Table 3 , device magnification was found in the applications of large-size TMDs with an increase in the accompanying damper capacity to aseismic retrofitting. Directions (2) and (3) provide automatic solutions to severe and highly uncertain earthquakes.
Effective use of structural frames and substructures
Under the same excitation, control effectiveness depends mainly on the scales and total number of control devices. To obtain heavy auxiliary masses, various AMD systems have employed ice thermal storage tanks and a heliport on the roof floors. 43 Additionally, a TMD system has employed a garden floor with viscous dampers. 44 These examples indicate device magnification. For dampers responding to relative displacement/velocity, the effective use of structural frames and substructures are additional solutions to the production of extremely large damping forces. Multi-story parking structures within or adjacent to high-rise condominiums are often used as substructures, and hysteresis/oil dampers are installed between them as joint damper systems.
New materials for hysteresis dampers in passive control
The development of dampers employing new metallic materials is one of the future directions for passive control using hysteretic devices. Stainless steel is one such new metallic material. The advantages of stainless steel are the high tensile strength, high breaking elongation, good aesthetics, and good recyclability. Performance tests have been conducted on 150 mm-square-shear-panel specimens whose materials were SUS304 (austenitic stainless steel), SUS329 (austenitic-ferritic stainless steel), and SS400 (common steel). 14 The test results confirmed that the stainless steel specimens had stable hysteretic loops and higher strength in comparison with the common steel specimens. Additionally, the SUS304 specimen exhibited strain hardening. A new Fe-Mn-Si based alloy, 15 which is a type of shape memory alloy, is another example.
The new Fe-15Mn-10Cr-8Ni-4Si (FMS) alloy realized a low Mn composition to apply an electric furnace process and produce materials with a large size. The fatigue durability of the FMS alloy was confirmed by material tests as approximately ten times larger than that of LY225 (low-yield-strength steel). Using this new material, the dampers were designed as a shear panel. The results of performance tests conducted on the damper revealed that the hysteresis loop under the design basis earthquake was stable, even for the third loading.
Adaptability and careful uses serving various purposes
A control system that is appropriate to each structure can achieve very high vibration control effectiveness. Adaptability and tuning are key considerations in structural control research. These concepts are linked to adaptive control and optimization for removing uncertainty and obtaining robustness. Base isolation with a semi-active damper is an example of adaptability. 36, 48 After many types of control devices had been proposed, careful use serving various purposes became more prominent in structural control design. Additionally, device combinations attracted a growing amount of interest in practical applications. 49 Combined uses are categorized as (i) active, semi-active, and passive control; (ii) passive control for small vibration and passive control for large vibration; (iii) structural control and base isolation; and (iv) passive control using complex dampers for small and large vibration. A complex damper is defined as a device with multiple functions, such as the integration of a visco-elastic damper and a hysteresis damper. 50 
Aseismic retrofitting
As described in Section 5, after the 2011 Great Tohoku Earthquake, there was an increased amount of interest in seismic retrofitting work applied to already constructed high-rise buildings.
Conclusion
This paper reports on state-of-the-art methods for structural control in Japan by reviewing recently published papers and articles in the field of structural engineering. The 1995 Kobe earthquake and the 2011 Tohoku Earthquake initiated new R & D phases with regard to the structural control of buildings.
The key research directions are the simplification of control laws and mechanical devices, high performance with either little or no energy supply, device magnification, uses of the structural frame and substructure, new materials, adaptability, and careful uses serving various purposes.
